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(37) ABSTRACT

The disclosure relates to organic field effect transistors, and
methods for producing organic field effect transistors. The
organic field eflect transistors may include a first electrode,
and a second electrode, the electrodes providing a source
clectrode and a drain electrode, an 1intrinsic organic semicon-
ducting layer 1n electrical contact with the first and second
clectrode, a gate electrode, a gate insulator provided between
the gate electrode and the intrinsic organic semiconducting,
layer, and a doped organic semiconducting layer including an
organic matrix material and an organic dopant.
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ORGANIC FIELD EFFECT TRANSISTOR
AND METHOD FOR PRODUCING THE SAME

[0001] The mvention relates to an organic field effect tran-
sistor and a method for producing the same.

BACKGROUND OF THE INVENTION

[l

[0002] Ever since the invention of organic field effect tran-
sistors (OFETs) 1n the 1980s their performance could be
continuously improved. Nowadays, OFETs are used for driv-
ing e-ink displays, printed RFID tags, and flexible electron-
ics. The advantages of OFETs compared to silicon technol-
ogy are the possibility to realize thin and flexible circuits at
low process temperatures on large areas.

[0003] In general, an organic field effect transistor com-
prises a gate electrode, a source electrode and a drain elec-
trode. Further, the OFET comprises an organic semiconduc-
tor and a gate insulator which separates the gate electrode
from the organic semiconductor.

[0004] Despite the progress, the widespread application of
OFETs 1s still limited due to their low performance and sta-
bility. However, there 1s a large potential for improvement by
the development of advanced OFET structures.

[0005] Although the organic doping technology has been
shown to be a key technology for highly efficient opto-elec-
tronic devices, the use of doped organic layers 1n organic
transistors 1s much less common.

[0006] There are three difierent approaches to improve the
performance of OFETs.

[0007] For example, doping can be used to reduce the con-
tact resistance at the source and drain electrodes. A thin p- or
n-doped layer between the metallic electrodes and the organic
semiconductor forms an ohmic contact which increases the
tunnel currents and enhances the injection of charge carriers.

[0008] Some groups reported on the effects of channel
“doping” on the OFET performance. For example, it 15 pos-
sible to switch pentacene transistors from p-type to n-type
using a monolayer of Ca at the oxide surface. The monolayer
covers the surface of the msulating layer completely and acts
as a local “pseudo-dopant”. There 1s no charge carrier transier
between Ca and the isulating layer. Instead, an electric field
1s generated by the Ca atoms 1n the monolayer. The Ca mono-
layer fills electron traps at the interface between the organic
semiconductor and the gate isulator. It was shown that “dop-
ing”” the channel of an n-OFET by an air-stable n-dopant can
increase the air-stability of n-type transistors.

[0009] Furthermore, it has been reported that the threshold
voltage can be shifted by the doping concentration. Meijer et
al. Journal of Applied Physics, vol. 93, no, 8, p. 4831, 2003,
studied the effect of doping by oxygen exposure on polymer
transistors. Although a shift of the switch-on voltage (the
Hatband voltage) was observed, the effect was not related to
doping by the authors. Similarly, other authors found a similar
shift of threshold voltage with applying a dopant, but often
this effect 1s rather related to the influence of contact doping,
than to channel doping.

[0010] Inversion FETs are normally OFF and an inversion
channel has to be formed by an applied gate voltage 1n order
to switch the transistor ON. Inversion FETs are used in
CMOS circuits and are the most basic building block of all
integrated circuits. It 1s known that the mnversion regime can-
not be reached 1n organic MIS (metal msulator semiconduc-
tor) capacitors. However, it has been predicted by simulations
that an 1nversion channel can be formed 1n FET structures, 1t
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minority carriers are injected at the source and drain elec-
trodes. Huang et al. Journal of Applied Physics, vol. 100, no.
11,p.114512,2006, could show that anormally n-conducting
intrinsic material can be made p-conductive by charging the
gate insulator prior to deposition of the organic layer by a
corona discharge.

[0011] Document US 2010/0096625 Al discloses an
organic field effect transistor comprising a substrate on which
a source and a drain electrode are arranged. A semiconducting
layer 1s deposited on top of the electrodes and in electrical
contact with the electrodes. The semiconducting layer is
tormed with alower sublayer and an upper sublayer. Ontop of
the upper sublayer a dielectric layer and a gate electrode are
provided. The semiconductor materials of the semiconduct-
ing layer may contain inorganic particles such as nanotubes or
conductive silicon filaments. The lower and upper sublayer
can be n-type or p-type and can have doping of the same kind.

[0012] In document U.S. Pat. No. 5,629,530 a field effect
transistor with a source region, a drain region and a interposed
n-type channel region 1s disclosed. The channel region 1s
provided with a gate electrode that i1s separated from the

channel region by an isulating layer.

[0013] An organic thin film transistor 1s described 1n docu-
ment US 2006/0033098 Al. The transistor comprises a sub-
strate, a gate electrode, a gate dielectric layer which covers the
entire gate electrode, a source electrode, a drain electrode, an
active channel layer and a source interfacial layer. A potential
barrier between the source electrode and the active channel
layer 1s reduced by adding an agent into the active channel
layer.

[0014] Thedocument EP 2 194 582 A1 describes an organic
thin film transistor with a substrate, a gate electrode, a source
clectrode, a drain electrode, an insulator layer, an organic
semiconducting layer and a channel control layer that 1s
arranged between the organic semiconducting layer and the
insulator layer. The channel control layer includes an amor-

phous organic compound having an 1onization potential of
less than 5.8 V.

[0015] In document US 2003/0092232 Al a further field
effect transistor 1s disclosed.

SUMMARY OF THE INVENTION

[0016] It1s the object of the invention to provide an organic
field etfect transistor with optimized working parameters and
a method to produce the transistor. In particular, 1t 1s an object
of the mvention to provide an organic field effect transistor
with a tunable threshold voltage.

[0017] This object1s solved by the organic field effect tran-
sistor according to claim 1 and the method for producing an
organic field effect transistor according to claim 16. Advan-
tageous embodiments of the mvention are the subject of
dependent claims.

[0018] According to one aspect of the invention, an organic
field effect transistor 1s provided. The transistor comprises a
first electrode and a second electrode, the electrodes provid-
ing a source electrode and a drain electrode, an intrinsic
organic semiconducting layer in electrical contact with the
first and second electrode, a gate electrode, a gate insulator
provided between the gate electrode and the intrinsic organic
semiconducting layer, and a doped organic semiconducting
layer comprising an organic matrix material and an organic
dopant. The doped organic semiconducting layer 1s provided
between the gate insulator and the intrinsic organic semicon-
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ducting layer. A charge carrier channel 1s formed between the
first and second electrode 1n the doped organic semiconduct-
ing layer.

[0019] According to another aspect of the invention a
method for producing an organic field effect transistor 1s
provided, wherein the method comprises the following steps
providing a substrate, coating the substrate with an electrode
material to form a gate electrode, depositing an nsulating,
material to form an insulating layer, co-evaporating an
organic matrix material and an organic dopant material to
form a doped organic semiconducting layer, depositing an
organic material to form an intrinsic organic semiconducting
material, depositing another electrode material to form a first
clectrode and a second electrode that are 1n electrical contact
with the itrinsic organic semiconducting layer.

DETAILED DESCRIPTION OF THE INVENTION

[0020] With the invention i1t 1s possible to tune the threshold
voltage of the transistor. Two parameters determine the
threshold voltage: the thickness of the doped organic semi-
conducting layer and the concentration of the organic dopant
in the doped organic semiconducting layer. By choosing spe-
cific values for one or both of these parameters during the
production of the transistor, the threshold voltage can be
adjusted 1n a wide range. There 1s an interaction between the
thickness of the layer and the doping concentration. A high
doping concentration leads to a large amount of charge car-
riers 1n the channel. In this case 1t 1s preferred that the doped
organic semiconducting layer 1s thin to enable an OFF state of
the transistor.

[0021] The thickness of the doped organic semiconducting
layer and the concentration of the organic dopant 1n the doped
organic semiconducting layer are preferably configured to
enable a conducting channel of charge carriers at the gate
interface. The doped organic semiconducting layer 1s config-
ured to enable a variable threshold voltage Vth. The threshold
voltage of the transistor can be freely set by the doping con-
centration. The thickness of the doped organic semiconduct-
ing layer should preterably be sufficiently thick to form a
percolated layer, more preferably a closed layer. A percolated
layer 1s a layer which comprises 1slands of the material of the
layer, wherein the density of the i1slands 1s high enough to
enable an electrical pathway within the layer. For example, 1n
the doped organic semiconducting layer the density of the
1slands that are made of the organic matrix material and the
organic dopant has to be high enough to enable a conductive
pathway between the first and second electrode to form a
percolated layer. A closed layer 1s a layer without interrup-
tions 1n the material of the layer. A closed layer has no regions
that are iree of the layer matenal.

[0022] The thickness of the doped organic semiconducting
layer and the concentration of the dopant 1n the doped organic
semiconducting layer can also be configured to enable a high
IDS (current between the drain and source electrodes) and an
ON/OFF ratio of at least four orders of magnitude under
normal voltage operating condition. Preterably, the ON/OFF
ratio 1s higher than five orders of magnitude.

[0023] Preferably, the organic dopant 1s spatially distrib-
uted in the matrix material of the doped organic semiconduct-
ing layer mstead of being accumulated at an interface of the
layer. More preferably, the distribution of the dopant 1s homo-
geneous along the dimensions of the layer. In contrast, in the
prior art 1t 1s only known to apply a monolayer of a dopant
material at the interface between the doped organic semicon-
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ducting layer and the gate insulator. This leads to a constant
shift of the threshold voltage, for example by 5 V. Because the
concentration of the dopant material 1s fixed 1n the monolayer,
other values for the shift of the threshold voltage or a finer
adjustment are not possible.

[0024] The matrix material (host)/dopant system 1s typi-
cally chosen with respect to the energy levels of a matrix and
a dopant material. For a preferable combination of host and
dopant the activation energy required for doping 1s less than
the 50 meV. Such activation energy can be determined by
temperature dependent capacitance-voltage measurements.
Low activation energy 1s preferable since this guarantees a
temperature independent threshold voltage of the mversion
FET.

[0025] The organic dopant i1s a dopant made of an organic
material. It 1s preferably an electrical dopant. Providing an
clectrical organic dopant 1n a matrix material leads to a charge
transier between the dopant and the matrix maternial. Electri-
cal dopants are classified in p-dopants (oxidation reaction)
and n-dopants (reduction reaction). Electrical doping 1s well
known 1n the field, exemplary literature references are Gao et
al, Appl. Phys. Lett. V.79, p. 4040 (2001), Blochwitz et al,
Appl. Phys. Lett, V.73, p. 729 (1998), D’ Andrade et al. App.
Phys. Let. V.83, p. 3858 (2003), Walzer et al. Chem. Rev. V.
107, p. 1233 (2007), US2005040390A1, US2009179189A.
Preferred p-doping compounds are organic molecules con-
taining cyano groups.

[0026] Exemplary p-dopants are:

[0027] tetrafluoro-tetracyanoquinonedimethane
(F4ATCNQ),

[0028] 2.2'-(perfluoronaphthalene-2,6-diylidene)dima-
lononitrile,
[0029] 2.2.2-(cyclopropane-1,2,3-triylidene)tris(2-(p-cy-

anotetratluorophenyl)acetonitrile), and

[0030] 2.2".2"-(cyclopropane-1,2,3-triylidene)tris(2-(2,6-
dichlor-3,5-ditluor-4-(trifluormethyl)phenyl)acetonitrile),

[0031] 2.2'.2"-(cyclopropane-1,2,3-triylidene)tris(2-(per-
fluorphenyl)acetonitrile),

[0032] 2,2".2"-(cyclopropane-1,2,3-trivlidene)tris(2-(2,6-
dichloro-3,5-difluoro-4-(trifluormethyl)phenyl )-acetoni-
trile), and

[0033] 3,6-difluoro-2,5,7,7,8,8-hexacyanoquin-
odimethane (F2CN2TCNQ or F2-HCNQ).

[0034] Exemplary n-dopants are:
[0035] acridine orange base (AOB),
[0036] tetrakis(1,3.4,6,7,8-hexahydro-2H-pyrimido[1,2-a]

pyrimidinato)ditungsten (II) (W2(hpp)4),

[0037] 3,6-bis-(dimethyl amino)-acridine, and

[0038] bis(ethylene-dithio)tetrathiatulvalene (BEDT-
TTF).

[0039] Preferable host-dopant combinations are (Table 1):

matrix material (host) dopant

N4 ,N4,N4' N4'-tetrakis(4-methoxy-
phenyl)biphenyl-4.4'-diamine (Meo-TPD)

2,2'-(perfluoronaphthalene-
2,6-diylidene)dimalononitrile

(F6-TCNNQ)
Meo-TPD F4-TCNQ
Meo-TPD C60F36
Pentacene F6-TCNNQ
Tris(1-phenylisoquinoline)iridium (III) F6-TCNNQ
(Ir(p1q)3)
Pentacene F4-TCNQ
C60 W2(hpp)4
C60 Cr2(hpp )4
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-continued
matrix material (host) dopant
C60 AOB
Pentacene W2(hpp)4

Copper(11)-1,2,3,4,8,9,10,11,15,16,17,18,
22,2324 25-hexadecafluor-29H,3 1 H-
phthalocyanin (F16CuPc)

W2(hpp)4

[0040] The intrinsic organic semiconducting layer 1s pret-
erably free of a dopant material. More preferably, the intrinsic
organic semiconducting layer 1s made from a single organic
material. This material can also be called a matrix material
even 11 no dopants are present

[0041] The intrinsic organic semiconducting layer and/or
the doped organic semiconducting layer can comprise a
matrix material with one of the following structures: crystal-
line, polycrystalline, amorphous and a combination thereof.
[0042] Preferentially, the doped organic semiconducting
layer 1s 1n direct contact with the gate insulator. Alternatively,
a passivation layer can be arranged between the gate insulator
and the doped organic semiconducting layer. Herewith, trap-
ping of electrons at the surface of the gate msulator can be
avoided.

[0043] The material of the gate msulator (which can be an
oxide) can be deposited by atomic layer deposition. The elec-
trode materials of the gate electrode as well as the first and
second electrode can be deposited by vacuum thermal evapo-
ration (V1E). Alternatively, the electrode materials can be
ink-jet printed while applying a conductive paste. Preferably,
the layers of the OFET, namely the gate electrode and/or the
first electrode and/or the second electrode and/or the intrinsic
organic semiconducting layer and/or the doped organic semi-
conducting layer and/or the insulating layer, can be structured
by shadow masks. Alternatively or supplementary, the layers
of the OFET can be structured by optical lithography. The
organic material for the intrinsic organic semiconducting
layer can preferentially be deposited by thermal evaporation
under ultra high vacuum (UHV) conditions. In a preferred
embodiment, the organic material of the intrinsic organic
semiconducting layer 1s deposited prior to the deposition of
the other electrode material of the first and second electrode
using the same shadow mask. Herewith, an efficient injection
of charge carriers at the first and second electrode 1s ensured.
Alternatively, the organic field effect transistor can be pro-
duced by solution based methods such as blade coating, spin
coating and spray coating. Preferably, the transistor 1s pro-
duced by roll-to-roll coating.

[0044] In a preferred embodiment, the intrinsic organic
semiconducting layer and the doped organic semiconducting
layer comprise the same organic matrix material. Alterna-
tively, the intrinsic organic semiconducting layer and the
doped organic semiconducting layer can comprise different
matrix matenals.

[0045] In a further preferred embodiment of the invention,
a mixed layer comprising a hole transport material and an
clectron transport material 1s provided 1n electrical contact
with at least one of the first and second electrode. The mixed
layer can be realized by a co-evaporated layer of a hole and an
clectron transporting material such as pentacene or (C60,
respectively.

[0046] In one preferred embodiment, the thickness of the
doped organic semiconducting layer 1s between 1 nm and 20
nm. Preferably, the thickness of the doped organic semicon-
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ducting layer 1s between 2 nm and 10 nm. Preferably, the
intrinsic organic semiconducting layer has a thickness of at
least 1 nm, more preferably at least 2 nm. The intrinsic
organic semiconducting layer has preferably at least a thick-
ness to form a percolated layer, more preferably a closed
layer.

[0047] According to another preferred embodiment, the
intrinsic organic semiconducting layer and the doped organic
semiconducting layer are in direct contact to each other.

[0048] According to a preferred embodiment, at least one
clectrode selected from the following group i1s made of a
metallic material: the first electrode, the second electrode,
and the gate electrode. The gate electrode can be formed by
most metals such as Al, Au, Ag, 'T1, Pt, for example. If the first
and/or second electrode shall 1nject electrons 1t/they may be
formed by metals with a low work function, e.g. Tior Al. I the
first and or second electrode shall inject holes 1t/they may be

formed by metals with a large work function, e.g. Au, Ag,
ITO.

[0049] In still a further embodiment, the doped organic
semiconducting layer has a dopant concentration of up to 4 wt
%. Preferably, the dopant concentration 1s between 0.5 wt %
and 4 wt %. More preferably, the dopant concentration 1s
between 0.5 wt % and 2 wt %. The doping concentration of
the doped layer has to be chosen 1n dependence of the targeted
threshold voltages. For example, an n-doping concentration
of 0.5 wt % results 1n a threshold voltage of 10 V and a
n-doping concentration of 1 wt % leads to a threshold voltage
of 20V (see FIG. 5¢ and Eq. 1). To reduce parasitic leakage
currents 1n the transistor, the doped organic semiconducting
layer has to be as thin as possible. On the other hand, it has to
be thick enough to form a percolated layer, more preferably a
closed layer, and to control the Fermi Level in the doped
organic semiconducting layer.

[0050] In a preferred embodiment, an ijection layer 1s
provided adjacent to at least one of the first and second elec-
trode. The 1njection layer improves an injection of charge
carriers from the first and or second electrode 1nto the charge
carrier channel, respectively. An injection layer can be pro-
vided adjacent to each electrode. The injection layer(s) can be
in direct contact with the intrinsic organic semiconducting
layer. Alternatively or supplementary, the mixed layer can be
tformed by evaporation of the injection layer(s) or the first and
second electrode onto a rough, polycrystalline material such
as e.g. pentacene. The injection layer(s) or the first and/or
second electrode will fill the grooves between the crystallites
of the semiconductor and the mixed layer.

[0051] In another preferential embodiment, the 1njection
layer comprises a dopant material. Preferably, the dopant
material 1s an electrical dopant. Preferentially, the dopant
material 1s an organic dopant. The mjection layer may com-
prise a matrix material and a dopant material. Preferentially,
the mjection layer 1s made from a pure dopant material which
can be arranged as a monolayer of the dopant material adja-
cent to the first and/or second electrode. Alternatively, the
injection layer may comprise aregion formed by matrix mate-
rial that 1s doped with a dopant material and another region
that 1s formed by a pure dopant material. Preferably, the
matrix material of mjection layer(s) and the matrix material
of the mtrinsic organic semiconducting layer are the same.

[0052] In still another preferred embodiment, the dopant
material of the mjection layer i1s of opposite type than the
dopant of the doped organic semiconducting layer. By this
embodiment, an inversion OFET 1s realized. The doped
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organic semiconducting layer has to be n-doped for a
p-dopant material i the imjection layer and p-doped for a
n-dopant material in the injection layer. Hereby, a solution to
increase the shift of the threshold voltage 1s provided. The

shift of the threshold voltage Vth for the inversion FET 1s
given by

Vm = VFB + Z(I)F + ’}”\/2(1);: + VSB (Eq 1)

1
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wherein @, 1s the energy gap between the intrinsic Fermi
Level position and the Fermi Level position of the doped
organic layer, V ., 1s the voltage between source and bulk, C'__
1s the gate capacitance (per unit area), N 1s the doping con-
centration, €, 1s the permittivity of the organic layer, &, 1s the
vacuum permittivity and e 1s the elementary charge. The
permittivity 1s related to the polarizability of an organic semi-
conductor. Typical values of &, for organic maternials vary
between 2.5 and 7. It 1s obvious that the influence of doping on
the shift of the threshold voltage for the inversion OFET 1s
much stronger than that of depletion type OFETs.

[0053] The first and second electrodes can inject either
clectrons or holes into the intrinsic semiconducting layer.
[0054] The mnversion type organic field effect transistor has
the following advantages over the prior art:

[0055] The threshold voltage 1s precisely tunable by the
doping concentration in the doped organic semiconduct-
ing layer.

[0056] Despite the doped channel, the transistors show a
large ON/OFF ratio.

[0057] The current at a given gate voltage in the linear
regime 1s tunable by the doping concentration.

[0058] The transistor structures can be processed by
standard vacuum or solution based deposition pro-
CESSEes.

[0059] The transistor structures are scalable in lateral
dimensions by shadow masks, lithography, ink-jet print-
ing, laser structuring or other structuring methods.

[0060] Inapreferential embodiment, at least one of the first
and second electrode and the 1njection layer are configured to
inject minority charge carriers into the charge carrier channel.
The kind of the charge carriers 1s defined with respect to the
kind of doping of the doped organic semiconducting layer. I
the doped organic semiconducting layer 1s doped with an
n-dopant the majority charge carriers are electrons and the
minority charge carriers are holes. If the doped organic semi-
conducting layer 1s p-doped the majority charge carriers are
holes and the minority charge carriers are electrons.

[0061] According to a preferred embodiment, the doped
organic semiconducting layer i1s configured to form a minor-
ity charge carrier channel through which minonty charge
carriers can move between the first electrode and the second
clectrode. The minority charge carriers can move from the
first electrode to the second electrode and vice versa.

[0062] According to a further preferential embodiment, the
dopant material of the injection layer 1s of the same type as the
dopant of the doped organic semiconducting layer. By this
embodiment, a depletion OFET 1s realized. The doped
organic semiconducting layer has to be n-doped for a
n-dopant material 1n the injection layer and p-doped for a
p-dopant material 1n the injection layer. Although the thresh-
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old voltage 1s not well defined for a depletion transistor, it can
be approximated by the flatband voltage VFB. Following
standard semiconductor theory, the shiit of the flatband volt-
age VFB 1s given by (neglecting interface and oxide traps, for
p-type transistors):

(Eq. 2)

wherein E,,, /., 15 the HOMO (highest occupied molecular
orbital) position of the organic semiconductor, W .1s the work
function of the gate metal and 1 1s the energy gap between the
HOMO and the Fermi Energy. By doping, the position of the
Fermi Energy (1.e. ) can be controlled. Thus, following Eq.
2, the flatband voltage can be controlled by the shift of ry due
to doping.

[0063] Inonepreferred embodiment, at least one of the first
and second electrode and the 1njection layer are configured to
inject majority charge carriers into the charge carrier channel.
Again, the kind of the charge carriers 1s defined with respect
to the kind of doping of the doped organic semiconducting
layer.

[0064] In still a further embodiment, the doped organic
semiconducting layer 1s configured to form a majority charge
carrier channel through which majority charge carriers can
move between the first electrode and the second electrode.
The majority charge carriers can move from the first electrode
to the second electrode and vice versa.

[0065] According to a further embodiment, the first and
second electrode are arranged with respect to the gate elec-
trode such that a projection of each of the first and second
clectrode onto the gate electrode covers a region that 1s as
large as a width of the first and second electrode, respectively.

eVpp=Lrromo—"M- Wf

BRIEF DESCRIPTION OF THE DRAWINGS

[0066] In the following the mvention will be described 1n
turther detail, by way of example, with reference to different
embodiments. In the figures show:

[0067] FIG. 1 a schematic representation of an OFET

[0068] FIG. 2 a schematic representation of an OFET with
a top contact bottom gate structure,

[0069] FIG. 3 a schematic representation of an OFET with
bottom contacts,

[0070] FIG. 4 a schematic representation of an OFET with
a top gate structure,

[0071] FIG. 5 characteristics of an inversion OFET,
[0072] FIG. 6 characteristics of a depletion OFET,

[0073] FIG. 7 a comparison of the threshold shift due to
doping for the inversion OFET and the depletion OFET, and

[0074] FIG. 8 a plot of Eq. 1 for realistic parameters.

[0075] FIG. 1 shows a schematic representation of an
OFET. The transistor comprises a first electrode (1), a second
clectrode (2), a first 1njection layer (1a), a second 1njection
layer (2a), an intrinsic organic semiconducting layer (3), a
doped organic semiconducting layer (4), a gate insulator (5),
and a gate electrode (6). The first and second 1njection layers
(1a, 2a) are eitther n-doped or p-doped. The doped organic
semiconducting layer (4) 1s p-doped 11 the injection layers are
n-doped or n-doped 1t the injection layers are p-doped to
realize an inversion OFET. If a depletion OFET shall be
provided the doped organic semiconducting layer (4) 1s
p-doped 11 the 1njection layers are p-doped or n-doped 1t the
injection layers are n-doped. Between the gate insulator (5)
and the doped organic semiconducting layer (4) a depletion
region 1s formed.
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[0076] In FIG. 2 the OFFET 1s realized by a top contact
bottom gate structure. The transistor comprises a source elec-
trode (1), a drain electrode (2), an intrinsic (undoped) organic
semiconductor (3), a doped organic semiconductor (4), a gate
isulator (8) and a gate electrode (6) (FI1G. 2a). The source
and drain electrodes (1, 2) can either inject electrons or holes
into the semiconductor. The thickness of the doped layer has
to be small (2-10 nm). The thickness of the intrinsic semicon-
ducting layer can vary between 20 nm and 100 nm. The
charge carrier mobility of the intrinsic organic semiconductor
(3) has to be large. Possible materials are Pentacene, C60,
dinaphtho[2,3-b:2,3-f]thieno|3,2-b]-thiophene (DNTT), or
copper phthalocyanine (CuPc). The gate insulator (5) may be
formed by S102, Al203, H1O2, polymethyl-methacrylate

(PMMA) or other commonly used gate dielectrics.

[0077] o realize electron or hole injecting contacts, addi-
tional layers (1a and 2a) are introduced between the source
and drain electrodes (1, 2) and the intrinsic organic semicon-
ductor (3) (FIG. 2b). The additional layers (1a, 2a) can be
realized by doped injection layers to form an ohmic contact at
the mterface to the source and drain electrodes (1, 2). The
doped layers (1a, 2a) could be realized by Cs, Cr2(hpp )4, or
W2(hpp)4 for n-injecting contacts, as well as F4TCNQ,
MoO3, WoO3, or F6-TCNNQ), for the p-injecting contacts.
The myection layers have to be p-doped, 11 the doped channel
1s n-doped or n-doped, 1t the doped channel 1s p-doped to
realize an inversion OFET. The injection layers have to be
p-doped, 11 the doped channel 1s p-doped or n-doped, 11 the
doped channel 1s n-doped to realize a depletion OFET. The
thickness of the doped 1njections layers can range from 2-50
nm. The following materials are suitable as matrix materials
for the 1injection layer: MeO-1TPD, Pentacene and C60. The
materials can be doped with any dopant listed 1n Table 1.

[0078] To further enhance the injection of electrons or holes
into the doped layer (4), a mixed layer (15, 2b) can be
included between the source electrode (1) or 1njection layer
(1a) and the doped layer (4) or between the drain electrode (2)
or injection layer (2a) and doped layer (4) (FIGS. 2 ¢) and d)).

[0079] The transistor can also be realized with bottom
source/drain contacts as shown in FIG. 3. The transistor com-
prises the source and drain electrodes (1) and (2), the intrinsic
organic semiconductor (3), the doped organic semiconduct-
ing layer (4), the gate msulator (5) and the gate electrode (6).
The same matenals as for the top contact structures shown 1n
FIG. 2 can be used. Again, the source and drain contacts (1, 2)
can either be hole or electron injecting. This can be realized
by using contacts with adapted work functions (FI1G. 3a) or by
using doped 1njection layers (1a, 2a) (FIG. 3/2). For an inver-
sion type OFET, the doped layer (4) has to be of p-type for
n-type mjection contacts and n-type for p-type injection con-
tacts. The doped layer (4) has to be of p-type for p-type
injection contacts and n-type for n-type injection contacts for
a depletion OFET.

[0080] Similarly, the transistor can also be realized 1n a
top-gate structure as shown in FIG. 4. In comparison to bot-
tom-gate structures the doped organic semiconducting layer
(4) 1s deposited on top of the intrinsic organic semiconducting
layer (3). Otherwise, the structure 1s 1dentical to bottom gate
structures and the same materials can be used. Again, doped
injection layers (1a and 2a) can be used to enhance charge
carrier injection at the electrodes (FI1G. 45).

[0081] The shift of the threshold voltage of the transistor 1s
even stronger for mversion type OFETs than for depletion
type OFETs which 1s shown 1n the following.
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[0082] An imversion type OFET 1s realized according to
FIG. 2b). A glass substrate 1s coated with a gate electrode (6)
consisting of 60 nm of Aluminmium. The gate electrode (6) 1s
covered by 120 nm Al203 deposited by atomic layer depo-
sition forming a gate msulator (3). On top of the insulator (5),
6 nm of pentacene doped with the n-type dopant W2(hpp )4 (O,
0.5, 1 wt %) forming a doped organic semiconducting layer
(4) and 40 nm of pentacene forming an intrinsic organic
semiconducting layer (3) are deposited by thermal evapora-
tion 1n UI-IV conditions (pressure below 10-7 mbar). The
source (1) and drain (2) electrode consist of 50 nm Alu-
minium. To ensure p-type injection into the semiconductor (3,
4), 50 nm of pentacene doped with the p-type dopant
F6-TCNNQ (4 wt %) are included between the intrinsic layer
(3) and the metallic imjection layers (1a and 2a). All layers
except the A1203 layer are structured by shadow masks. The
channel length and width are 300 um and 20 mm, respec-
tively.

[0083] The resulting output characteristic of the transistor
according to F1G. 2b1s shown 1n FIG. 5 (upper drawing). The
transistor 1s OFF without a voltage applied to the gate (6) and
a negative voltage has to be applied to turn the transistor on.
The shift of the threshold voltage with n-doping concentra-
tion of the doped organic semiconducting layer (4) 1s shown
in comparison to p-type doping in FIG. 5 (lower drawing). It
can be seen that the threshold voltage can be tuned by more
than 20 V with very low doping concentrations in the doped
organic semiconducting laver (4) ofonly 0.5 wt % and 1 wt %.
[0084] FIG. 6 shows characteristics for a depletion type
OFET. The shift of the threshold voltage with p-doping con-
centration of the doped organic semiconducting layer (4) 1s
shown (lower drawing of FIG. 6)

[0085] FIG. 7 shows a comparison of the threshold voltage
shift due to doping for the inversion OFET and the depletion
OFET. The shift 1s much stronger for the iversion type
OFET.

[0086] FIG. 8 shows aplotol Eq. 1 for realistic parameters.
FIG. 8 shows the predicted shift of the threshold voltage for
an iversion OFET. The threshold voltage shifts with the
position of the Fermi Level [IF by more than 20V. The posi-
tion of the Fermi Level can be controlled by the doping
concentration 1n the channel of the transistor. The parameters
are: ND=1019 cm-3, HOMO=5.2 ¢V, LUMO=3.2 &V,
cr,0x=9, €r,org=3, dox=120 nm, Wi=4.2 eV,

[0087] A depletion type OFFET 1s realized 1n the following.
A glass substrate 1s coated with a gate electrode (6 ) consisting,
of 60 nm of Aluminium. The gate electrode (6) 1s covered by
120 nm Al203 deposited by atomic layer deposition forming
a gate insulator (5). On top of the insulator (8), 6 nm of
pentacene doped with the p-type dopant F6-TCNNQ (0, 0.5,
1 wt %) forming a doped organic semiconducting layer (4)
and 40 nm of pentacene forming an intrinsic organic semi-
conducting layer (3) are deposited by thermal evaporation 1n
UHYV conditions (pressure below 10-7 mbar). The source (1)
and drain (2) electrode consist of 50 nm Aluminium. All
layers except the Al203 layer are structured by shadow
masks. The channel length and width are 300 um and 20 mm,
respectively.

1. An organic field effect transistor, comprising:
a first electrode and a second electrode, the first and second

clectrodes providing a source electrode and a drain elec-
trode,

an intrinsic organic semiconducting layer in electrical con-
tact with the first electrode and the second electrode,
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a gate electrode,

a gate insulator arranged between the gate electrode and the

intrinsic organic semiconducting layer, and
a doped organic semiconducting layer comprising an
organic matrix material and a first organic dopant,
wherein the doped organic semiconducting layer 1is
arranged between the gate insulator and the itrinsic
organic semiconducting layer,
wherein

the doped organic semiconducting layer comprises a
charge carrier channel arranged between the first elec-
trode and the second electrode,

an 1njection layer 1s arranged adjacent to at least one of the

first electrode and the second electrode, and

the mnjection layer 1s doped with a second dopant of a type

that 1s opposite the first dopant of the doped organic
semiconducting layer.

2. The transistor according to claim 1, wherein the intrinsic
organic semiconducting layer and the doped organic semi-
conducting layer comprise the same organic matrix material.

3. The transistor according to claim 1, wherein a mixed
layer comprising a hole transport material and an electron
transport material 1s 1n electrical contact with at least one of
the first electrode and the second electrode.

4. The transistor according to claim 1, wherein the thick-
ness of the doped organic semiconducting layer 1s between 1
nm and 20 nm.

5. The transistor according to claim 1, wherein the intrinsic
organic semiconducting layer and the doped organic semi-
conducting layer are in direct contact with each other.

6. The transistor according to claim 1, wherein at least one
clectrode selected from the group consisting of the following
electrodes 1s made of a metallic material: the first electrode,
the second electrode, and the gate electrode.
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7. The transistor according to claim 1, wherein the doped
organic semiconducting layer has a dopant concentration of

up to 4 wt %.
8-10. (canceled)

11. The transistor according to claim 1, wherein at least one
of the first electrode, the second electrode and the 1njection
layer 1s configured to 1nject minority charge carriers into the
charge carrier channel.

12. The transistor according to claim 11, wherein the doped
organic semiconducting layer i1s configured to form a minor-
ity charge carrier channel through which minority charge
carriers can move between the first electrode and the second
clectrode.

13-15. (canceled)

16. A method for producing an organic field effect transis-
tor, wherein the method comprises the following steps:

providing a substrate,

coating the substrate with a first electrode material to form

a gate electrode,

depositing an 1nsulating material to form an insulating

layer,

co-evaporating an organic matrix material and a first

organic dopant material to form a doped organic semi-
conducting layer,

depositing an organic material to form an intrinsic organic

semiconducting material,

depositing an 1njection material and a second dopant mate-

rial to form a doped 1njection layer, and

depositing a second electrode material to form a first elec-

trode and a second electrode that are 1n electrical contact
with one of the mjection layer and the intrinsic organic
semiconducting layer, wherein the second dopant mate-
rial 1s of a type that 1s opposite the first dopant material
of the doped organic semiconducting layer.
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